Introduction {#s0005}
============

The prognosis of breast cancer, one of the top lethal diseases for women, is affected by many factors such as age, tumor size, lymph node metastasis, lymphovescular invasion(LVI), Ki67 index, and ER, PR, HER2 immunohistochemistry status, which requires invasive biopsy [@bb0005], [@bb0010], [@bb0015], [@bb0020]. Angiogenesis is one of the most important invasiveness markers for breast cancer, as it is critically needed for tumor growth and metastasis, i.e., the higher the blood supply, the more invasive the tumor gets, and the worse the prognosis [@bb0025], [@bb0030], [@bb0035], [@bb0040]. Ultrasound-guided Diffuse optical tomography (US-guided DOT) is an emerging functional modality, which measures the total hemoglobin concentration (THC) of breast lesions to quantitatively reflect tumor metabolic activity and angiogenesis. Zhu Q et al. have confirmed that THC has a positive correlation with microvessel density (MVD) and the mean maximum THC moderately correlated with tumor histologic grade and nuclear grade, which correlated with tumor progression [@bb0045], [@bb0050]. However, few studies addressed associations between THC and histopathologic prognostic factors of breast carcinoma [@bb0055], [@bb0060]. Our current study used so-far the largest cohort of cases, to scrutinize the correlations of breast cancer THC and clinicopathological variables, aiming to identify impacting factors of US-guided DOT THC, as well as hoping to pave the way for future use of this non-invasive technology to predict pre-surgical biological behaviors of breast cancer.

Materials and Methods {#s0010}
=====================

Patients {#s0015}
--------

Our study was approved by the institutional review board, and all patients provided written informed consent. The study was performed from September 2014 to February 2016 in Shanghai Cancer Center US department. During this period, 550 patients with 558 breast lesions classified as US BI-RADS 4a, 4b, 4c, or 5 were prospectively recruited to undergo conventional US and US-guided DOT. 87 benign lesions in 87 patients were excluded by biopsy pathology. Sixteen breast cancer lesions in 16 patients were also excluded due to the following reasons: 7 lesions showed artifacts owing to improper contact between probe and protruding skin; 6 lesions were behind areola, as different optic absorbance of areolar and peri-areolar skin caused data inaccuracy; 3 lesions were without contralateral normal control tissue due to total mammospectomy. In all, 455 breast cancer lesions in 447 patients were included, with 8 bilateral breast cancer patients having primary lesions on both sides.

Conventional US and Evaluation {#s0020}
------------------------------

Conventional US images were obtained by a radiologist (W.X.Z., 9 years of experience in breast US inspection and diagnosis), to ascertain the locations of breast lesions and to evaluate features of the lesions using the Aixplorer system (SuperSonic Imagine, Aix enProvence, France) with a 4 -15 MHz linear transducer. Patients\' age, BMI, menstrual status, i.e. pre- or post-menopause (\>3 months of menopause), were recorded. Pre-menopause patients were further classified into menstrual, ovulatory and luteal groups. Conventional US measured tumor size at the maximum diameter plane, and the skin-nipple distance.

US-guided DOT Imaging System and Method {#s0025}
---------------------------------------

The patient in the supine position, maximum diameter section of breast lesion was found with Conventional US, the lesions was then scanned with US-guided DOT, using Optimus -01HWS breast diagnostic system (XinAo-MDT Technology, Hebei, China) which is a dual imaging modality combining Conventional US (Terason T3000 ultrasound, Teratech, USA) and near-infrared(NIR) optical tomography, which was used to measure functional tissue properties with optical spectroscopic analysis. The main functional parameter was the total hemoglobin concentration (THC) calculated from absorption coefficients measured by using two optical wave-lengths (785 nm and 830 nm). The technical details of this imaging system, including system configurations, imaging acquisition methods, and the data processing algorithms, have been previously described by us [@bb0065]. After freezing the frame at the maximal section, raw optic data acquisition was performed 3 times for each breast lesion, and the corresponding normal area in the contralateral breast. The final data was obtained by automaticdefining the region of interest, imaging and data computing, a process that takes about 2--3 minutes. The data were input into Excel files and mean values of THC (THCmean) were established. The optical imaging measured normal site in the symmetrical region of the contralateral breast was used as references in the reconstruction. All examinations were performed by the same radiologist who participated in the evaluation of conventional US images.

Breast Cancer Tumor Stage Criteria {#s0030}
----------------------------------

According to the 7th Edition of the American Joint Committee on Cancer (AJCC) staging [@bb0070], All tumors were divided into T1,T2,and T3 three groups according to maximum diameter on US in our study. These were T1 with lesions less than or equal to 20 mm,T2 with lesions greater than 20 mm, less than or equal to 50 mm, and T3 with lesions greater than 50 mm.

Pathology and Immunohistochemistry Parameters Evaluation {#s0035}
--------------------------------------------------------

All breast lesions went through surgical dissection, lymphadenectomy, and pathology/immunohistochemistry diagnosis. The pathology evaluation parameters included estrogen receptor (ER) and progesterone receptor (PR) status, and human epidermal growth factor receptor2 (HER-2)status, Ki67 proliferation indices, LVI, lymph node (LN) status by using both modified San Antonio and American Society of Clinical Oncology--College of American Physicians scoring guidelines [@bb0075], [@bb0080]. Positive status for ER and PR was defined as nuclear staining in 1% of the tumour cells. Immunohistochemical staining for HER2 was scored according to standard criteria as 0, 1+, 2+, or 3+. Scores of 0 and 1 + were considered as negative. For scores of ≥2(moderate complete membranous staining in ≥10% of tumor cells), fluorescence in situ hybridisation (FISH) was used to determine HER2 amplification, and positive FISH amplification was considered as HER2 positive. Cells with Ki-67 nuclear staining were considered to be positive (cancerous). The Ki-67 proliferation index was determined as the percentage of Ki-67-positive cells among at least 500 cancer cells in hot spots per slide. Our study defined Ki67 index "high" as ≥14%, "low" as \<14%. LVI positive is the presence of tumor cells in blood and/or lymphatic vessels [@bb0085]. For this study, 2 pathologists performed final diagnosis and discrepancies were resolved by consensus.

Statistical Analysis {#s0040}
--------------------

Statistical analyses were performed with MedCalc software (version 15.2.2; MedCalc, Mariakerke, Belgium), Continuous data were expressed as the means ± standard deviation. The One-Way ANOVA and Independent sample T test were used to estimate intergroup differences for clinicopathology parameters, a P value \<.05 was regarded as significantly significant. A stepwise multiple regression analysis was used to isolate variables significantly and independently associated with THC. The enter and remove limits for the regression models were 0.05 and 0.1, respectively.

Result {#s0045}
======

The average age of 447 breast cancer patients was 51.1 years ±10.0 (mean ± standard deviation) (range19--77 years). The average size of 455 breast lesions was 29.8 mm ±15.8 (range 6--78 millimeters). The average THC value was 209.7 μmol/L ± 63.9 (range 84-395 μmol/L). The correlations of clinical pathologic parameters with breast cancer THC are listed in [Table 1](#t0005){ref-type="table"}. In details, THC values of ER- or PR- lesions were significantly higher than the positive ones: 227.8 μmol/L ± 55.5 vs. 196.1 μmol/L ± 66.4 for ER, or 225.1 μmol/L ± 57.3 vs. 193.0 μmol/L ± 66.5 for PR (*P* = .005 and *P* = .010, respectively). Similarly, axillar lymph node positive or LVI positive lesions had higher THC than the negative ones: 216.9 μmol/L ± 60.0 vs. 204.2 μmol/L ± 66.2 for the former, or 217.4 μmol/L ± 60.1 vs. 204.6 μmol/L ± 65.8 for the latter (*P* = .042 and *P* = .043, respectively).Table 1Relationships between THC and clinicopathological parameters of 455 breast cancersTable 1Clinicopathology CharacteristicsNumberTHC (μmol/L)P ValueHistopathologic classificationNon-invasive breast carcinoma30196.9 ± 65.80.457Invasive breast carcinoma425210.6 ± 63.7Tumor stage T1148181.6 ± 70.40.000 T2251221.0 ± 56.0 T356233.1 ± 54.0ER Negative195227.8 ± 55.50.005 Positive260196.1 ± 66.4PR Negative236225.1 ± 57.30.01 Positive219193.0 ± 66.5HER2 Negative346208.4 ± 64.00.917 Positive109213.5 ± 63.6Axillary lymph node Negative260204.2 ± 66.20.042 Positive195216.9 ± 60.0Lymphovascular invasion status Negative276204.6 ± 65.80.043 Positive179217.4 ± 60.1Menopausal statusPostmenopausal251211.2 ± 62.20.213Menstrual phase\*45192.7 ± 70.7Follicular phase81207.2 ± 68.6luteal phase78217.1 ± 59.1[^1][^2][^3]

In contrast, no significant THC difference was found between lesions of HER2- vs. HER2+ (*P* = .917), invasive vs. non-invasive (*P* = .457), or Ki67 high vs. low (*P* = .417). No statistically significant THC variation was observed among the lesions of patients in different menstrual cycles(*P* = .213), except for the luteal lesions being higher than the menstrual ones: 217.1 μmol/L ± 59.1 vs. 192.7 μmol/L ± 70.7 (*P* = .042).

The correlations of lesion size/T stages, THC values and clinical pathologic parameters are shown in [Table 2](#t0010){ref-type="table"} and [Figure 1](#f0005){ref-type="fig"}, [Figure 2](#f0010){ref-type="fig"}, [Figure 3](#f0015){ref-type="fig"}. T stages were closely associated with THC value, lesion edge-nipple distance and Ki67 index (all *P* = .000), i.e. the higher the T stages (bigger lesion size) got, the lower the patients\' age, the smaller the lesion edge-nipple distance, and the higher the THC. The average T2 lesion THC (221.0 μmol/L ± 56.0) and T3 THC (233.1 μmol/L1 ± 54.0) were markedly higher than that of T1 (181.6 μmol/L ± 70.4, *P* = .000), whilst no significant difference between T2 and T3 THC values. Concordantly, the Ki67 indexes of T2 and T3 were higher than that of T1: T2 39.7 ± 23.8, T3 37.0 ± 22.6 vs. T1 27.1 ± 20.9 (P = .000, *P* = .006, respectively), hence no difference between T2 and T3. No difference was found for BMI and lesion edge-skin distance among the T stages. Based on the aforementioned continuity variables, a stepwise multiple regression analysis generated a formula as: THC = 167.2 + 1.062size+ 0.298ki67, i.e. with 1 mm change of size, THC value varies 1.062; with 1 unit change of Ki67 index, THC value 0.298.Figure 1Patient age 50y, currently in the Luteal Phase, BMI20.7, pathology diagnosis of invasive ductal breast cancer, immunohistochemistry: ER+, PR+, HER -, Ki67 30%, LN +, LVI+.(A). US 2-D imaging showing hypoechoic lesion, maximal diameter of 10 × 6 × 7 mm, irregular shape, with no circumscribed margin, containing hyperechoic spots, lesion edge-nipple distance 33 mm, lesion edge-skin surface distance 7 mm.(B). A reconstructed optical absorption maps show that the lesion is resolved in slices from 1 to 2 (top row, left to right). THCmean is 230.5 μmol/L. The first section (slice 1, top left) is a 6 × 6 cm spatial x-y image (coronal plane of the body) obtained at a depth of 0.5 cm, as measured from the skin surface. The last section (slice 7, bottom left) is a 6 × 6 cm spatial x-y image (coronal plane of the body) obtained at a depth of 3.5 cm towards the chest wall. Spacing between sections is 0.5 cm in the direction of propagation. The vertical color scale from blue to red is the THC in micromoles per liter from low to high.(C). Ki-67 nuclear staining (×200). The Ki-67 proliferation index is determined as 30%.Figure 1Figure 2Patient age 44y, currently in the Menstrual Phase, BMI21.7, pathology diagnosis of invasive ductal breast cancer, immunohistochemistry: ER+, PR+, HER +, KI67 20%, LN-, LVI-.(A). US 2-D imaging showing hypoechoic lesion, maximal diameter of 27 × 14 × 25 mm, irregular shape, with no circumscribed margin, a few hyperechoic spots close to lesion edge, lesion edge-nipple distance 27 mm, lesion edge-skin surface distance 4 mm.(B). A reconstructed optical absorption maps show that the lesion is resolved in slices from 1 to 3 (top row, left to right). THCmean is 244.8 μmol/L. The first section (slice 1, top left) is a 6 × 6 cm spatial x--y image (coronal plane of the body) obtained at a depth of 0.5 cm, as measured from the skin surface. The last section (slice 7, bottom left) is a 6 × 6 cm spatial x--y image (coronal plane of the body) obtained at a depth of 3.5 cm towards the chest wall. Spacing between sections is 0.5 cm in the direction of propagation. The vertical color scale from blue to red is the THC in micromoles per liter from low to high.(C). Ki-67 nuclear staining (×200). The Ki-67 proliferation index is determined as 20%.Figure 2Figure 3Patient age 44y, currently in the Luteal Phase, BMI22.4,pathology diagnosis of invasive ductal breast cancer, immunohistochemistry: ER-, PR-, HER -, Ki67 35%, LN -, LVI-.(A). US 2-D imaging showing hypoechoic lesion, maximal diameter of 53 × 21 × 35 mm, irregular shape, with no circumscribed margin, heteroechoic, lesion edge-nipple distance 12 mm, lesion edge-skin surface distance 4 mm.(B). A reconstructed optical absorption maps show that the lesion is resolved in slices from 1 to 3 (top row, left to right). THCmean was 296.1 μmol/L. The first section (slice 1, top left) is a 6 × 6 cm spatial x--y image (coronal plane of the body) obtained at a depth of 0.5 cm, as measured from the skin surface. The last section (slice 7, bottom left) is a 6 × 6 cm spatial x--y image (coronal plane of the body) obtained at a depth of 3.5 cm towards the chest wall. Spacing between sections is 0.5 cm in the direction of propagation. The vertical color scale from blue to red is the THC in micromoles per liter from low to high.(C). Ki-67 nuclear staining (×200). The Ki-67 proliferation index is determined as 35%.Figure 3Table 2THC distribution differences and clinical characteristics of T1 - T3 breast cancerTable 2Clinical StageNo. of LesionsAge (Year)Size (mm)THC (μmol/L)BMID1 (mm)D2 (mm)Ki67T114853.5 ± 10.0[⁎](#tf0005){ref-type="table-fn"}, [\#](#tf0010){ref-type="table-fn"}14.7 ± 3.4[⁎](#tf0005){ref-type="table-fn"}, [\#](#tf0010){ref-type="table-fn"}181.6 ± 70.4[⁎](#tf0005){ref-type="table-fn"}, [\#](#tf0010){ref-type="table-fn"}23.3 ± 2.87.4 ± 5.532.8 ± 17.1[⁎](#tf0005){ref-type="table-fn"}, [\#](#tf0010){ref-type="table-fn"}27.1 ± 20.9[⁎](#tf0005){ref-type="table-fn"}, [\#](#tf0010){ref-type="table-fn"}T225150.5 ± 10.0[⁎](#tf0005){ref-type="table-fn"}31.8 ± 8.2[⁎](#tf0005){ref-type="table-fn"}221.0 ± 56.023.5 ± 3.47.8 ± 11.124.8 ± 17.8[⁎](#tf0005){ref-type="table-fn"}39.7 ± 23.8T35647.6 ± 11.161.1 ± 9.7233.1 ± 54.023.7 ± 3.56.4 ± 3.414.0 ± 15.737.0 ± 22.6*P value*0.0000.0000.0000.6740.5750.0000.000[^4][^5][^6]

Discussion {#s0050}
==========

Clinical staging, molecular subtyping, patient\'s age, and mutational profile all affect the prognosis of breast cancer [@bb0090], [@bb0095], [@bb0100]. Unfortunately, most of these factors have to be determined by post-surgical analysis. As a molecular imaging technology, US guided DOT can measure THC, a parameter that associates with the clinical pathologic features of different size breast cancers.

The presence of ER and PR proteins, both hormone receptors, is predictive biomarkers for efficacious endocrinological treatment of breast cancer [@bb0105]. Studies have addressed patients who are ER, PR positive and HER2 negative have decreased incidence of both local and distant recurrence as compared to those who are ER, PR negative and HER2 positive [@bb0110], [@bb0115]. Makkat et al. reported that ER-/PR-/HER2+ breast cancer lesions had more blood supply than the ER+/PR+/HER2- ones [@bb0120]. Our current study reached a similar conclusion, showing the ER-/PR- lesions maintained higher THC than the ER+/PR+ ones. This result suggests that THC value can reflect the ER/PR status of breast cancer: the higher the THC, the lower the ER/PR levels. HER2 overexpression is a benchmark for cancer invasiveness [@bb0125], however, our result didn\'t support a conclusion of higher THC in HER2+ lesions.

The Ki-67 index (proliferation index) is a biological marker that is associated with cell proliferation including S-phase fraction, mitotic index, which was confirmed to strongly correlate with FLT uptake in a PET study for early prediction of positive NAC response [@bb0130], [@bb0135]. Our data showed a higher THC value in Ki67 index-high lesions, alas without statistical significance. With lesion size increasing from Stage T1 to Stages T2 and T3, THC increased along with Ki67 index; but no THC difference was found between T2 and T3 lesions, probably due to saturated blood supply when tumors grow to a certain large size, or to tumor heterogeneity [@bb0140], we speculate. Using multiple regression analysis tool, we derived a formulation of THC = 167.2 + 1.062size+ 0.298ki67, to demonstrate a linear correlation of THC and its 2 most impacting factors lesion size and Ki67 index. This is to say: when tumor THC value changes 1 μmol/L,tumor size changes 1.062 mm, and Ki67 value changes 0.298, accordingly. Using our formulation, we can calculate Ki67 index from tumor lesion size and THC value, to pre-surgically evaluate tumor biology [@bb0145]. As we know, when patients are sensitive to NAC, their breast tumors shrink, cancer blood supply decreased, consequently, THC and Ki67 index values lowered. Conventionally, Ki67 indexes can only be measured from invasive needle biopsy samples [@bb0150]. We here, however, propose to use US-guided DOT to non-invasively, in real-time, determine Ki67 index in the NAC treated breast cancer patients.

LVI is the presence of tumor cells in blood and/or lymphatic vessels, the presence of LVI are unfavorable prognostic factor in primary breast cancer [@bb0155], [@bb0160]. Nathanson et al. [@bb0165], [@bb0170] described that LVI was a predictor of both regional lymph node and systemic metastasis, whilst Zhang et al. [@bb0175] reported patients with positive LNM showed higher LVI detection rate than that of LNM negative ones, demonstrating LVI as a valuable predictor of the LNM occurrence in breast cancer. Our results presented higher THC values in LVI+ lesions, the same also found in LNM+ group, suggesting THC can measure and predict the LVI and LNM status, i.e. patient prognosis.

Invasive breast cancers, which derive from non-invasive precursors, have worse prognosis [@bb0180]. To our surprise, our data didn\'t show significant THC difference between invasive and non-invasive breast cancers. We reason this might result from the much fewer non-invasive cases in our cohort (30/455 cases, only 6.6%). Previous research by Coradini [@bb0185] et al. showed that estrogen up-regulated VEGF expression in serum, in ovulation phase, breast tumor had an expression peak of VEGF. All these observations suggest estrogen binds to ER to induce the expression of its target gene. Accordingly, in the late luteal phase, when the estrogen antagonizing progesterone fades, VEGF levels surge again. As known, THC is associated with VEGF, MVD [@bb0190], [@bb0195]. Our results revealed, when patients were going through the menstrual, ovulatory and luteal phases of the menstrual cycle, the THC values of breast cancer lesions were progressively increasing, peaking in the luteal phase. Therefore, our finding strongly suggest, extra care must be taken when THC values are used for differential diagnosis of benign vs. malignant breast tumors, especially for the pre-menopause patients.

Of course, there are limitations for our study. Firstly, some patients decided to receive NAC treatment right after US-guided DOT and needle biopsy, resulting in lack of histologic grading. Therefore, we were not able to analyze the impact of histology grades on THC. Secondly, multi-centered, bigger sample pooled studies are needed to validate our formulation of lesion size, THC and Ki67 values, as well as its use in evaluating NAC efficacy. Thirdly, we have to exclude all the T4 lesions that involve skin, due to inherent imaging mechanism of US-guided DOT (if the lesion is within 2 mm-distance of the skin, light emission calculation is not accurate).

In summary, we demonstrate that clinicopathological features of breast cancer, such as ER and PR status, axillary lymph node metastasis, lymphovascular invasion, correlate with THC values. Furthermore, the Ki67 indexes can be predicted using tumor size and THC, useful for pre-surgical evaluation of cancer biology and real-time, non-invasive monitoring of NAC efficacy.
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[^1]: Note.---THC = total hemoglobin concentration;\* There were significant differences between Menstrual phase and luteal phase (P = .042).

[^2]: Non-invasive breast cancer includes ductal carcinoma in situ;

[^3]: Invasive breast cancer includes invasive ductal carcinoma, invasive lobular carcinoma and mucinous adenocarcinoma and papillary carcinoma and Malignant lobulated tumor and neuroendocrine cancer.

[^4]: Note.---BMI:body mass index; THC:total hemoglobin concentration; D1:The distance from the lesion edge to the skin; D2; The distance from the lesion edge to the nipple;

[^5]: :There were significant differences among T1 and T2 and T3;

[^6]: :There were significant differences between T1 and T2.
